The use of colorimetry within industry has grown extensively in the last few decades. Central to many of today's instruments is the work of the CIE system, established in 1931. Many have questioned the validity of the assumptions made by Wright' and Guild2, some suggesting that the 1931 color matching functions are not the best representation of the human visual system's cone responses. A computational analysis was performed to evaluate the CIE 193 1 color matching functions against other responsivity functions using metameric data. An optimization was then performed to derive a new set of color matching functions using spectral data ofvisually matched metameric pairs.
INTRODUCTION
The 193 1 Color Matching Functions were constructed from the relative color matching data of Wright' and Guild2, with the assumption that they must be a linear combination of three functions including the 1924 CIE V(2c) luminous efficiency function. Stockman and Sharpe3 have suggested that the validity of the CIE 1924 luminous efficiency function V(A) is questionable, so too is the assumption that V(?) must be a linear combination ofthe Color Matching Functions. Stockman and Sharpe are not alone in their concerns, Stockman, MacLeod and Johnson4, and others, have also questioned the validity of the assumptions made by Wright' and Guild2.
The full implications of such questions are not known, is the concern purely one of theoretical rigor, bearing no significance to the application ofthe current technology? Or is the concern valid, one that may affect the whole of colorimetry as it stands to date?
If one is to assume that the CIE 1 93 1 color matching functions are sufficient when they are not, then much of the work being done to build device models that minimize colorimetric error is attempting to attain an impossible goal. If the CIE 1931 color matching functions are not the ideal solution, would a new set of functions lead to better colorimetry? Or is the error within the bounds of statistical insignificance? These questions are of great importance to the color science community.
Applications that assume that the CIE 193 1 color matching functions are sufficient, if they are not, will operate in error.
Existing works clearly document some of the issues that cause concern when using the CIE color matching functions and demonstrate their effects on the color science community. Even so, little documented work has been done to compare the benefits of using the modified functions and sensitivities. The aim of this work was to evaluate the accuracy of the CIE 1931 color matching functions against more recent estimations and modifications, and determine whether the new cone fundamentals and color matching function derivations are truly optimal, or merely within the bounds of statistical insignificance. Six different sets of color matching functions and cone fundamentals were computationally analyzed using existing spectro-radiometric measurements of visually matched metameric pairs. The analysis indicates which set best approximated the observers' visual perception. A detailed documentation ofthe analysis can be found in Shaw5.
METHODOLOGY
To save confusion between the differences of color matching functions and cone sensitivity functions, in this work both are called responsivity functions. Many different sets of responsivity functions have been published, each claiming to have its own benefits over the 1 93 1 color matching functions. Some are merely linear transformations of the 1 93 1 color matching functions into cone space to better predict the cone responses, while others include optimizations derived by the authors. In this study, a total of six sets were chosen to perform the computational analysis. The six sets included the work of the CIE in 193 1, CIE in 1964, Stiles and Burch6, Demarco, Smith and Pokorny7, Stockman, MacLeod and Johnson4, and Vos and Walraven8.
Experimental Data
The work utilized experimental data from previous visual experiments by Alfvin9, Shaw and ' Alfvin and Fairchild9 designed a visual experiment to permit observers to make critical color matches between prints or transparencies and a CRT display. Shaw and designed a visual experiment to allow observers to perform a color match between a gray card of Munsell N5 and an ACS VCS 10 additive mixing device. Further details of the experiments can be found in Shaw.5 Computational Analysis
One of the key underlying assumptions of this work is that an optimal set of responsivity functions will predict that x y z g b the integrated response from a metameric pair are equal.
• . Thus the problem of disparate responsivity functions was overcome by assuming the common color space to be CIELAB, using the CIE 1931 standard observer. In order to evaluate the other sets of functions accurately, a linear calculating a 3x3 transformation matrix using least were then used to calculate a set of pseudo tristimulus values for each set of functions. By transforming each set into a CIE approximation, one is able use standard quality metrics, including CIE zE ai, and CIE AE Although, the CIELAB color space is not optimized for the other color responsivity functions, but can be considered a consistent color space for comparison. Any systematic shifts introduced by the cube-root transformation, or VonKries type chromatic adaptation normalization will be consistent for all responsivity functions. Tristimulus integration was used to calculate the tristimulus values for each of the metamer pairs from the spectral data. The 4nm interval spectral data was linearly resampled to 5nm data, and the wavelength range truncated to 400-700nm. The wavelength interval was chosen to correspond to that ofthe various sets ofresponsivity functions. Reference white tristimulus values for the measured radiance data were unknown. Therefore, since the gray patch in each data set had an L* of approximately 50 (20% reflectance), the reference white was approximated using the tristimulus values of the reflectance spectra scaled by five. CIELAB coordinates were calculated according to standard CIE methods, using each of the transformed sets of responsivity functions. CIE L , Aa , Ab , i\C , EH , iE ab and iE values were calculated for each metameric pair.
Statistical Analysis
In order to evaluate the performance of each set of responsivity functions, two tailed t-tests were used. The t-test was used to compare the mean color difference vector (L*, ia*, or b*) against a mean of zero. An ideal set of responsivity functions would yield a mean iL*, ia*, Eb* of zero, plus an offset for observer variance. A sample covariance matrix, SLab, was calculated for each set ofresponsivity functions.
Assuming a multivariate normal distribution, the inverse of the sample covariance matrix can be used to construct a 95%
confidence region for the sample distribution of the CIE \L , Aa , and b multivariate data set9. An example of a a -Eb bivariate ellipse bound by a 95% confidence region for the sample distribution is shown in Figure 1 , relative to the CIE 2°S tandard Observer. If any one of the three confidence regions centering at the sample means of the za -ib , zL -isa or ELAb planes do not contain the theoretical mean match for a given standard observer, the mean color matches are considered to be statistically significantly different from zero9.
RESULTS AND DISCUSSION
As well as the final six sets of responsivity functions chosen, a set of responsivity functions derived by Shaw and Fairchild in this work have been included in the results for ease of comparison. The derivation of the Shaw and Fairchild responsivity functions is documented below. This section shall only summarize the results oftwo of the analyses performed, the analysis of the Alfvin data set, and the analysis of all the data sets combined. The total Alfvin data set, containing all seven color centers, is comprised of268 metamer pairs. A summary ofthe results can be found in Table I . The results show that little difference can be found between the different sets of responsivity functions for the Alfvin Data. The CIE 1931 functions yield an average color difference of 4.4 iE ab, 2.7 L\E with the best set of responsivity functions being that of Demarco, Smith and Pokorny7, yielding an average color difference of 4.3 AE ab, 2.7 LE 94. The Shaw and Fairchild responsivity functions derived by optimization yield an interesting result, the average color difference is the second highest. This indicates that the contribution of the Alfvin data set to the optimization may have been less significant than the other data sets, with the optimization minimum being found even though an increase in error in the Alfvin data set occurred.
The statistical tests performed on the data show some interesting features. A two tailed t-test of the means was applied on each of the tL , Eta , Ab values with the null hypothesis that the means are equal to zero. The results shown in Table II Table III , it can be seen that the Shaw and Fairchild responsivity functions yield the lowest color difference, when averaged over all of the combined set of samples. But, it is clear that the difference between each of the sets of responsivity functions is only slight, ranging from 4.6 AE ab at worst, to 3.9 AE at, at best.
The statistical analyses performed on the data show some interesting features. A two tailed t-test of the means was applied on each of the L , Aa , Eb values with the null hypothesis that the means are equal to zero. The results shown in Table II indicate that the CIE 1931 functions failed the test in both the a and ib planes, showing that there are systematic deviations from a mean of zero, implying that the functions are not optimal. The results of the Shaw and Fairchild responsivity functions fail to reject the null hypothesis in all three dimensions, indicating that the mean cannot be shown to deviate from zero. When looking at the results of the entire dataset in Table III , it can be seen that the Shaw and Fairchild responsivity functions yield the lowest color difference, when averaged over all of the combined set of samples. But, it is clear that the difference between each of the sets of responsivity functions is only slight, ranging from 4.6 zE ab at worst, to 3.9 zE ab at best. 
Derivation of Optimized Responsivity Functions
The previous discussion documented the performance of the seven sets of responsivity functions. Of the seven sets, six were previously defined, and one was derived by the authors to satisfy the experimental objectives set forth in this work, the Shaw and Fairchild color matching functions. This section documents the approach taken in deriving the new set of color matching functions. It is possible to consider that an optimal set of responsivity functions can be derived from visual color matching data by a modification of an existing set of responsivity functions using the visual data to weight the adjustments. 
CONCLUSIONS
A computational analysis was performed to evaluate the 193 1 color matching functions against other responsivity functions using metameric data. The underlying principle being was that an optimal set of responsivity functions will yield minimal tristimulus error between a pair of visually matched metamers. A common color space was used in order to compare the performance of the different responsivity functions, the color space used was CIELAB, based upon the CIE 1931 2° standard observer functions. Five other sets of responsivity functions were transformed into near-CIE approximations using a linear 3x3 matrix. Color differences were calculated between each pair of CIELAB coordinates for each metameric match using the standard E ab, and E color difference formulae. The differences between the average color differences found in the six sets of responsiviti functions were small. The CIE 1 93 1 2° color matching functions, on average, provided the largest color difference, 4.6 zE ai,• The best performance came from the CIE 1 964 1 0' color matching functions, yielding an average color difference of4.O EE ab• An optimization was then performed using the responsivity functions based on the concept that color differences between metamers can be used to improve the prediction of color matching functions. Thirteen optimization techniques were derived, but only two were found that were capable of both maintaining the integrity of the color matching functions, and reducing the average color difference. The optimal solution, the 'Shaw and Fairchild' responsivity functions, were able to reduce the average color difference to 3.9 LE*ab, using a weighted combination ofeach ofthe different sets ofresponsivity functions. 
